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ABSTRACT

Foundation scour poses a threat to the operation of offshore wind turbines (OWTs) as it can
gradually reduce the embedded depth of the footing piles of the foundation. Despite some studies
and investigations having been carried out, the understanding of scour around OWT foundations
in marine environment is not very clear to date. The main reason is that the vibration of OWTs
and coupling effect of tidal current have rarely been considered in previous studies. To further
understand the question, a numerical model of monopile foundation was established in this
study, and the cycle motion was imposed on the top of the monopile to investigate how the OWT
vibration affect the scour around the OWT foundations. Besides, the water flow direction in the
numerical tank was defined to be reversed periodically to simulate the tidal current around the
monopile foundation to investigate the coupling effect of tidal current and foundation vibration
on scour around the monopile. The results showed that both foundation vibration and reciprocal
current can increase the scour progress and equilibrium scour depth compared with a stationary
foundation operating in unidirectional current. Moreover, the coupling effect of foundation
vibration and reciprocal current had a more severe effect on scour progress than each single
factor.

INTRODUCTION

The offshore wind energy has become an effective and powerful method of addressing the
increasingly climate crisis, and the offshore wind turbines (OWTs) are blooming around the
world (Gunnar 2022). Despite the invention and application of many foundation types for OWTs
in both nearshore and offshore wind farms, bottom fixed foundation remains the dominant option
in the global offshore wind industry. Among these foundation types, monopile foundation is the
most popular (Lee and Zhao 2021). Over 75% constructed OWTs are deployed in nearshore sites
and supported by monopiles, the safety of which is threatened by tide and current induced scour
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around the foundation, as it can dramatically reduce the embedded depth of the foundation(Dai et
al. 2021; Geng et al. 2023).

Many efforts have been made in the past decades to improve the understanding on scour
(Margheritini et al. 2007; Melville and Raudkivi 1977; Whitehouse et al. 2006; Yang et al.
2019), most of which are focused on scour mechanism and prediction method for equilibrium
depth of scour pit around stationary structures in unidirectional current. While these findings
have provided valuable insights into scour problems in bridge engineering, they may not fully
capture the complexity of scour scenarios faced by OWT foundations in marine environments. In
addition to unidirectional currents, OWTs are also exposed to wave action, ebb and flow, and
vibrations induced by environmental loads and OWT operations, which pose further
uncertainties in scour problems around OWT foundations.

Some laboratory model tests have been conducted to investigate the scour problems in the
marine environment. Sumer et al. (2007) carried out a series of tank model tests to investigate
scour around cylindrical piles in waves and presented an empirical prediction equation for the
equilibrium scour depth around cylindrical pile in waves. However, these findings are limited to
live bed scour, and the ebb and flow, which is an important factor affecting the scour
development, is neglected in these studies. Jensen et al. (2006) conducted a scour test of a pile in
a water tank where the current direction was periodically reversed, and the velocity remained
constant in live bed conditions. They found that the scour volume and scour depth were slightly
larger in the reciprocal current compared to the scour hole in the unidirectional current with an
equivalent current velocity. Similar findings were reported by Margheritini et al. (2007), who
expanded this test into several different scenarios with various current velocities and found that a
relatively low velocity can cause an asymmetrical scour hole while a relatively high velocity can
generate a symmetrical scour hole. They suggested that reciprocal current has less effect on
scour depth than scour volume. However, some other studies present conflicting conclusions.
McGovern et al. (2014) divided each half cycle of scour test into three time steps, in which the
current velocities were varied. The current direction reversed every three steps. Then the results
were compared with the scour development in unidirectional current with constant water depth
and current velocity and direction. The adopted current velocity of unidirectional current is
equivalent to the maximum current velocity in three time steps of reciprocal current. Despite the
test not lasting long enough to reach an equilibrium scour depth, it was found that the scour
depth and volume around the pile in reciprocal current were smaller than those in unidirectional
current in the equivalent test time. These studies explored the scour development in tidal current,
but present conflicting results, demonstrating that more studies are needed to explain the
uncertainties regarding scour in tidal current.

In addition, the effect of monopile vibration on scour development has been noticed in some
recent studies (Al-Hammadi and Simons 2016; Guan et al. 2019). A series of model tests were



conducted by (Guan et al. 2019) to investigate how monopile vibration affects the scour around
monopile in unidirectional current. The results show that the vibration of monopile accelerate the
scour development at the initial stage of scouring, but the equilibrium scour depth of vibration
scenario is slightly shallower than stationary monopile scenario. Similar results have been
repeated in several scenarios with different vibration amplitudes and frequencies. It was
attributed to the soil densification and convection movement of soil around monopile under
vibration caused by lateral force. But the acceleration of scour development at the initial stage
was not explained. Besides, the vibration frequencies considered in this study are 1 to 4 Hz, far
greater than it in realistic, which is represented by rotational frequency of an OWT (0.17 to 0.33
Hz) and corresponding blade passing frequency (0.5 to 1 Hz) (Prendergast et al. 2015). (Al-
Hammadi and Simons 2016) carried out a series of experiments to investigate the effect of
intermittent vibration on scour development. The monopile kept static in the unidirectional
current at initial stage and started vibrating after 10 hours, then the vibration appeared and
disappeared alternately. The results show that, despite the vibration slightly reduces the scour
depth when it appears, the scour depth grows rapidly once the vibration of monopile is stopped.
The final scour depth of the intermittent vibration scenario is deeper than that in static scenario.
Despite these studies are all focused on the effect of monopile vibration on scour, their results
and conclusions can be different to some extent, indicating the foundation scour results can be
completely different when considering monopile vibration in complex scenarios. However, how
monopile vibration works together with other factors such as tide-induced reciprocal current to
affect the scour development around monopile is far from being fully explained, indicating that
more research is needed in this area.

In this study, a numerical model consists of a water tank, sediment, and monopile will be
established and used to investigate how monopile vibration and reciprocal current individually
and work together to influence the scour development. The aim of this study is to deepen the
understanding of the scour development around monopile under the complex conditions, thereby
to provide a reference for the designs of OWTs foundations.

NUMERICAL MODEL

The numerical model for investigating the scour progress around a monopile foundation under
the effect of monopile vibration in reciprocal current was constructed using FLOW3D-HYDRO
software. This numerical model consisted of a water tank, a scaled pile, a sediment area, and a
fluid region. As shows in Figure 1, the pile’s diameter (D) of in the numerical model was 0.05 m
with a length of 0.3 m, 0.08 m of which was embedded in the sediment. The sediment is
composed of sand with characteristics outlined in Table 1. The sediment region had a length of 1
m, width of 0.32 m (6.4D), and a depth of 0.08 m. The numerical model of water tank is 1.2 m
(24D) long and 0.32 m (6.4D) wide. with a pair of blocks placed at the inlet and outlet of water
tank to smooth the current and prevent scour of sediment at the inlet and outlet. To smooth the



current and prevent sediment scouring at the inlet and outlet, a pair of baffles were placed at each
end of the water tank. The fluid region's water depth was 0.15 m, and the current velocity was
0.25 m/s, with its direction reversing periodically in reciprocal current scenarios.
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Figure 1. Numerical model established in FLOW3D-HYDRO
Table 1. Characteristics of sediment
Diameter Density Critical Shields Entrainment Bed Load Repose
(mm) (kg/m?) Number Coefficient Coefficient Angle
0.385 2650 0.03 0.018 0.053 30

The current velocity, direction, and water depth at the inlet side were defined using the Speed
Boundary condition. The current velocity and water depth remained constant throughout the
simulation, while the current direction periodically reversed in reciprocal current scenarios. The
Pressure Boundary condition was employed at the outlet side to maintain a constant water depth,
which was the same as that at the inlet side. The lateral boundary was defined as a symmetry
boundary condition to smooth the fluid near the boundary. The Wall Boundary condition was
utilized at the bottom of the water tank. At the top surface of the numerical model for the water
tank, the Pressure Boundary condition was applied, and the fluid fraction at the top surface was
defined as 0, indicating a free water surface at the top of the fluid region.

The whole model was divided into three blocks, of which the mesh size varies. The middle
block, which contains the key area where scour pits will develop, was meshed as fine as possible
to ensure the accuracy of the numerical calculation results. The fluid far away from the monopile
has relatively minor effect on the scour pit development around the monopile. Herein, the mesh
size of other two blocks away from the monopile were relatively larger than the middle one to
save the computational resource. A convergency analysis was conducted with numerical models
meshed with different size of meshes to obtain an optimal elements number which is relatively
efficiency on the premise of accuracy. The result of convergency analysis was shown in Figure
2. The number of elements shows relatively less effect on the numerical calculation results when



the elements number was above 543873, and it was accordingly adopted as the optimal elements
number and used to mesh the numerical model to conduct numerical simulation of all cases in
this study. As a result, the mesh size in the core area around the pile was approximately 5 mm,
while the mesh size used to mesh the other two blocks away from the pile was around 20 mm.

A classic physical model test carried out in previous study (Melville and Raudkivi 1977) was
adopted as a reference case to verify setting of the numerical model. The comparison between
the numerical simulation and model test results is presented in Figure 3. The results show good
agreement between the numerical calculations and the physical model tests, indicating the
reliability of the numerical model settings.
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Figure 2. Convergence check of the Figure 3. Verification of numerical
numerical calculation calculation results

Table 2 displays the four scenarios considered in the study. The first scenario involves a
stationary monopile installed in unidirectional current, representing a classic static scour
scenario. The resulting data will be used as a reference to compare with other scenarios. The
second scenario involves a vibrating monopile in unidirectional current, to analyze the effect of
monopile vibration on scour development. In the third scenario, the current direction reverses
every 30 minutes while the monopile remains stationary during numerical calculation. The fourth
scenario considers both monopile vibration and periodic reversal of current direction to examine
the combined effect of monopile vibration and reciprocal current on the scour development

process.
Table 2. Scenarios of interest
Scenarios Monopile Vibration Current condition
1 X Unidirectional Current
2 X Reciprocal Current (T=60min)
Amplitude: 1cm I
3 Frequency: 0.5Hz Unidirectional Current
4 Amplitude: 1cm Reciprocal Current (T=60min)




Frequency: 0.5Hz

RESULTS AND DISCUSSION

Figure 4 depicts the time evolution of maximum scour depth around the monopile in all
considered scenarios. To facilitate generalization and comparison, all scour depth results have
been normalized using the pile diameter. It should be noted that the location of maximum scour
depth around the monopile may vary with time. Therefore, the data at different time points in
Figure 4 are measured at different positions around the monopile. It can be observed that the
maximum scour depth decreases every 30 minutes in the reciprocal current scenario with a
period of 60 minutes. This can be attributed to the refilling of the scour pit at the backside and
lateral side of the monopile. When the flow direction is reversed, the wake vortex induced
deposition at the backside (fore side in the previous half cycle) of the monopile will backfill the
scour pit at the position where it was usually the deepest in the previous half cycle. As the half
cycle is long enough, after the short-term backfilling at the flow reverse point, the scour pit will
develop faster. Consequently, a deeper scour depth will gradually develop at the fore and lateral
sides of the monopile. Finally, the maximum scour depth around the monopile in reciprocal
current is deeper than that in unidirectional current.
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Figure 4. Time development of normalized maximum scour depth around the monopile

In scenario 3, the monopile continuously vibrates in the unidirectional current during the
simulation. The results shown in Figure 4 demonstrate that the maximum scour depth in this
scenario continues to develop rapidly despite some fluctuations. This is understandable since the



fore-back direction vibration of the monopile can significantly alter the turbulence around the
pile, leading to instability in the development of the scour depth. Figure 5 shows a comparison of
flow patterns around a static pile and a vibrating pile, indicating that the vibration of the pile
exacerbates the vortex around it. In addition, the downward flow at the upstream side of the pile
in the vibrating scenario is stronger than that in the stationary pile scenario. As a result of the
influence of pile vibration, Figure 4 illustrates that the final maximum scour depth in the
vibration scenario is significantly deeper than that in both the unidirectional current scenario and
the reciprocal current scenario.
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Figure 5. Flow patterns around (a) static pile and (b) vibrating pile.

Scenario 4 investigated the combined effects of vibration and reciprocal current. The results
demonstrate a significant backfilling at the end of each half cycle, followed by a faster scour pit
development rate. Figure 4 illustrates that the backfilling at the second current direction reversal
point is not as remarkable as the first one. It can be attributed to two reasons: firstly, the scour pit
has reached a quasi-equilibrium state when the variation of scour pit is relatively moderate,
secondly, the vibration of the pile decreased the backfilling process. It is shown in Figure 4 that,
under the impact of pile vibration, the scour depth development speeds in the last two half cycles
of scenario 4 are notably faster than in all other scenarios considered in this study. Consequently,
the maximum scour depth at the end of the simulation in scenario 4 is the deepest among all the
scenarios.

To further analyze the influence of vibration and reciprocal current on equilibrium scour depth,
the maximum scour depths at the end of the simulations are normalized using monopile
diameter. The normalized final scour depths were plotted in Figure 6. Despite the scours has not
reach an equilibrium depth at the end of the simulation, the comparison in Figure 6 still shows
the long-term influence of these factors on scour depth. As shown in Figure 6, the normalized
scour depth at the end of the simulation of scenario 1 is about 0.76D, while for the other three
scenarios, it is 0.83D, 0.86D, and 0.89D respectively. This indicates that both monopile vibration
and reciprocal current can increase the scour depth in a long term. It shows that the coupling
effect of monopile vibration and reciprocal current can increase the final scour depth by 17.11%.
As shown in Figure 4 that only scenario 1 has reach an equilibrium scour depth at the end of the



simulation, it implies that the impact of pile vibration and reciprocal current may be higher than
illustrated in Figure 6. It should be noted that these factors, although important, are not the
primary factors, such as current velocity, determining the scour development. Consequently, the
influence of these factors on scour is limited.
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Figure 6. Comparison of normalized scour depth at the end of the simulations
CONCLUSION

To further understand the scour around the monopile, a numerical model was established and
used to investigate how monopile vibration and reciprocal current individually and work together
to affect scour around a monopile. Based on the findings presented above, the main conclusions
of this study can be summarized as follows:
® Reciprocal current can cause noticeable backfilling of scour pit when current direction is
reversed. However, it can cause a faster scour speed and deeper scour depth after the
backfilling.
® The scour depth development speed around vibrating monopile is faster than that around
stationary monopile.
® Both monopile vibration and reciprocal current can increase the final scour depth around
a monopile. The coupling effect of monopile vibration and reciprocal current can result in
the deepest scour depth.
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